1. Introduction {#sec1}
===============

Animal gastrointestinal (GI) tract is the largest digestive and immune organ in the body. In addition, as a nutrient sensor, the GI tract is also involved in regulating glucose and energy homeostasis. Gastrointestinal tract serves as a sensing organ, which was confirmed by [@bib2] when they discovered the first gut-derived hormone secretin. Recent advances highlighted that intestinal luminal nutrients (such as carbohydrate, fat and protein) are sensed by specific 'taste' receptors or transporters located in the membrane of cells in the intestinal epithelium. Among the receptors, G-protein-coupled receptor family C group 6 member A (GPRC6A), the taste receptor 1 family (T1Rs), calcium-sensing receptor (CaSR) can sense luminal protein and amino acids. Gut hormones are produced due to sensing the amino acids by endocrine cells. After secreted, the hormones enter into lamina propria and recognize respective receptors on the vagal afferent nerve, which signals to the brain. This process establishes the basis for regulating appetite and energy balance by the gut-brain axis. The progress in nutrient sensing indicates a promising approach to treating obesity and diabetes by targeting nutrient-induced hormone production.

2. Amino acids sensing receptor and transporter {#sec2}
===============================================

2.1. Amino acids sensing receptor {#sec2.1}
---------------------------------

Amino acids are signaling ligands for sensory receptors. Some of G-protein-coupled receptors (GPCRs) expressed on the enteroendocrine cells (EECs) or brush cells participate in the luminal amino acids sensing. Moreover, the specific amino acids transporters on the cell membrane also play an important role in the amino acids sensing.

G-protein-coupled receptors, including T1Rs, GPRC6A and CaSR, are the major amino acids sensing receptors.

The T1R family consists of three different subtypes (T1R1, T1R2 and T1R3) which were originally found in oral epithelial cells. Subsequent research demonstrates that they are also expressed on the intestinal brush cells and enteric endocrine cells of different species ([@bib38]). The T1R1 and T1R3 form a heterodimer to recognize most of the L-type amino acids except tryptophan. The responses are strictly dependent on the combined presence of T1R1 and T1R3, and are highly selective for *L-*amino acids; *D-*amino acids do not activate the T1R1/T1R3 heterodimer. The T1R1/T1R3 can also detect umami tastants such as monosodium glutamate (MSG), *L-*2-amino-4-phosphono-butyric acid (*L-*AP4), but the signal mediated by the transduction pathway involving T1R1/T1R3 may be different from that involving metabotropic glutamate receptor (mGluRs) ([@bib29]). As a typical G-protein-coupled receptor, T1R1/T1R3 is activated only when α-Gustducin (a G protein) exists.

The CaSR is a class C G-protein-coupled receptor which was firstly found in bovine parathyroid gland and is involved in extracellular calcium homeostasis in mammals. Lately, CaSR has been identified in the GI endocrine G, I and D cells where it acts as an amino acids sensor. Calcium-sensing receptor is not only activated by extracellular calcium but is also activated by *L*-aromatic amino acids (such as *L*-phenylalanine, *L*-tryptophan). The CaSR senses aromatic *L*-amino acids only when intracellular calcium concentration is higher than 1 mmol/L. Oral administration of *L*-phenylalanine (*L*-Phe) stimulated gastrin secretion in wild type but not in CaSR knockout mice. However, when CaSR knockout mice were treated with cinacalcet (an agonist of CaSR), the effect of gastrin secretion would occur ([@bib11]), suggesting that *L*-Phe stimulated cholecystokinin (CCK) release via CaSR. In addition, some small peptides are also the ligands of CaSR. Several γ-glutamyl peptides, such as γ-Glu-Cys-Gly (GSH) and γ-Glu-Val-Gly, are involved in CaSR activation ([@bib18]). Calcium-sensing receptor was involved in the CCK secretion induced by various protein hydrolysate; CCK secretions induced by protein hydrolysate were significantly decreased by the presence of CaSR antagonist compared with vehicle ([@bib16]). This study indicated the significant role of CaSR in mediating CCK secretion by peptides stimulation in enteroendocrine cells.

The GPRC6A is a member of G protein-coupled receptor and expresses in gastric G cells, small intestinal and colonic L cells ([@bib42]). It can sense many kinds of amino acids, especially basic amino acids (such as *L-*lysine, *L-*arginine and *L-*ornithine) and small neutral amino acids (such as *L-*alanine, *L-*glycine and *L-*serine), but the affinities of these amino acids are different: *L-*arginine \> *L-*ornithine ≥ *L-*lysine = *L-*alanine ≥ glycine \> serine ([@bib32]). G-protein-coupled receptor family C group 6 has a high homology with CaSR and its activation requires the presence of extracellular calcium. In HEK293 cells GPRC6A could be activated by an extracellular calcium concentrations of 5 mmol/L ([@bib20]). Interestingly, the CaSR agonist NPSR-568 can also activate GPRC6A ([@bib21]).

2.2. Amino acid transporters {#sec2.2}
----------------------------

Amino acid transporters are widely expressed on the cell membranes, monitoring the amino acids concentration and mediating extra- and intra-cellular amino acids exchange. Amino acids transport may be coupled to movements of ions, including Na^+^, H^+^, K^+^, and/or Cl^−^, as well as movement of other amino acids by anti-port. However, the mechanisms of different amino acid transporters are almost different. [@bib7] summarized the amino acids transporters in the apical and basolateral membrane ([Table 1](#tbl1){ref-type="table"}).Table 1Part of the amino acid transport system in mammalian intestinal epithelial cells.SystemcDNAGeneAA substrateMechanismIronExpressionASCASCT2*SLC1A5*A,S,C,T,QANa^+^AMB^0^B^0^AT1*SLC6A19*AA^0^SNa^+^AMB^0,+^ATB^0,+^*SLC6A14*AA^0^, AA^+^, β-AlaSNa^+^, Cl^−^AMb^0,+^rBAT/b^0,+^AT*SLC3A1/SLC7A9*R,K,OA--AMIMINOIMINO*SLC6A20*P,HO-PSNa^+^, Cl^−^AML4F2hc/LAT2*SLC3A2/SLC7A8*AA^0^ except PA--BMPATPAT1*SLC36A1*P,G,A,β-AlaSH^+^BMTTAT1*SLC16A10*F,Y,WU--BMX^−^~AG~EAAT3*SLC1A1*E,DSNa^+^, H^+^, K^+^AMy^+^L4F2hc/y^+^LAT1*SLC3A2/SLC7A7*K,R,Q,H,M,LANa^+^BMy^+^L4F2hc/y^+^LAT2*SLC3A2/SLC7A6*K,R,Q,H,M,L,A,CANa^+^BMASNAT2*SLC38A2*G,P,A,S,C,Q,N,HSNa^+^AM, BMX^−^c4F2 hc/xCT*SLC3A2/SLC7A11*EA--AM, BMy^+^CAT-1*SLC7A1*R, K、O, HU--AM, BM[^1]

Several lines of evidence have shown that some of the amino acid transporters themselves can function as an amino acid sensor and are essential for amino acids sensing. Sodium dependent neural amino acids transporter 2 (SNAT2), a major amino acid transporter, is one of the best characterized amino acid transceptor. Amino acids uptake via SNAT2 are coupled with the inward movement of Na^+^, which helps down its electrochemical gradient. It has been proved that this transport mechanism is involved in the stimulation of gut hormone release through consequential increases in intracellular Ca^2+^ ([@bib41]), and specifically in glutamine stimulated GLP-1 release from intestinal L cells ([@bib39]). In addition, studies have shown that like SNAT2, the B^0^AT1 is also related to trigger GLP-1 release from GLUTgs cells in presence of glutamine ([@bib22]). Some other transporters, like EAAT3, y+LAT1 and CAT-1, may act by initiating downstream signaling and modulating gene expression in response to amino acids availability. However, whether they are involved in gut hormone release is remain unclear.

3. Amino acid sensing mediated GI hormone release {#sec3}
=================================================

The EECs are derived from multipotent stem cells, located towards the base of the intestinal crypts. Although they represent less than 1% of the epithelial population, they constitute the largest endocrine organ of the human body. It is thought that EECs are the primary chemosensory cells. There are at least 15 subtypes of enteroendocrine cells that react to changes in gut contents by releasing peptide hormones, which then enter blood vessels and activate extrinsic or intrinsic afferent nerves or other nearby target cells. Sensing of amino acids will stimulate EECs to release glucagon-like peptide-1(GLP-1), cholecystokinin (CCK) and peptide tyrosine--tyrosine (PYY).

Glucagon-like peptide-1(GLP-1) is released from L cells of the jejunum, ileum and colon. It increases after a meal to increase satiety. Glucagon-like peptide-1 decreases gastric emptying rate and is an important incretin. Free amino acids, including glutamine (Gln), phenylalanine (Phe) and tryptophan (Trp), have been shown to stimulate GLP-1 secretion using intestinal epithelial cell models ([@bib37]). Moreover, meat hydrolysate, as well as a mixture of essential amino acids (EAAs) can potently stimulate GLP-1 secretion from NCI-H716 cells, but it has no effect on non-essential amino acids (NEEAs) ([@bib23]). Studies have shown that oral glutamine increases circulating GLP-1, in lean, obese and type 2 diabetic subjects.

Cholecystokinin, a hormone that circulates in different molecular forms (CCK8, CCK33/39, CCK58), is released post-prandially from the K cells in the small intestine in response to amino acids or other nutrients. Cholecystokinin causes the release of digestive enzymes and bile from the pancreas and gallbladder. In addition to its role in digestion, CCK is also a satiety signal that delays gastric emptying. As for humans, dogs and many other rodent animals, amino acids can exert a direct stimulatory effect on CCK secretion in the I cells, especially aromatic amino acids. The *L-*Phe and *L-*Try can stimulate releasing CCK through CaSR in I cells ([@bib30]). In addition, the soybean β51--63 peptide (an arginine-rich fragment) stimulates CCK secretion in enteroendocrine STC-1 cells ([@bib17]).

Peptide tyrosine--tyrosine is a peptide of 36 amino acids released from the enteroendocrine L cells in the ileum and colon and is usually co-localized with GLP-1. It was initially isolated from porcine intestine and can be cleaved by dipeptidyl peptidase-4 resulting in 2 circulating isoforms, PYY1--36 and PYY3--36. Peptide YY is an important mediator of the ileal break, a primary inhibitory feedback mechanism that controls the transit of a meal through the gut to optimize nutrient digestion and absorption. It has been found that PYY was released from L cells in response to some amino acids. The I cells release both GLP-1 and PYY when treated with *L-*glutamine ([@bib14]). Moreover, after intake of high-protein, the release of PYY in normal-weight and obese subjects both increased greatly, and long-term high-protein diets reduce weight gain and enhance PYY synthesis and secretion in mice. The PYY knockout mice, in contrast, had no corresponding effects ([@bib4]).

4. Amino acid sensing in the gut-brain signaling {#sec4}
================================================

4.1. Intestinal primary sensory neurons {#sec4.1}
---------------------------------------

Two classes of primary afferent neurons are associated with the GI tract: intrinsic primary afferent neurons (IPANs) and extrinsic primary afferent neurons. Intrinsic primary afferent neurons are derived either from the myenteric or submucosal plexus. They are parts of the enteric nervous system and are necessary for the generation of reflexes in reaction to intestinal contents, blood flow and water/electrolyte secretion. Intrinsic primary afferent neurons can monitor the intestinal luminal chemical changes. In addition, they contact with each other and form a dense network that communicates to interneurons to provide the enteric nervous system with the information required for the autonomic mediate of digestion. Extrinsic primary afferent neurons consist of spinal primary afferent neurons and vagal primary afferent neurons, and both of them innervate the entire length of the GI tract. The vagus nerve is the major component of the extrinsic afferent pathway which has been testified that it can sense amino acid. Using electrophysiological recordings to detect the discharge of vagal afferent fibers, [@bib13] found that many kinds of nutrients can activate the vagus from the gut. [@bib27] found that the process of CCK, PYY and other gut hormones has an effect on controlling food intake, and this may be accompanied by the activation of the vagus nerve, which is implying neuronal vagal activation are likely to rely on secondary substances released from the mucosal epithelium. Recent studies have identified receptors of CCK, PYY and GLP-1 on the afferent fibers ([@bib15], [@bib9]).

4.2. Gut hormones-induced signal transduction between the gut and brain {#sec4.2}
-----------------------------------------------------------------------

Enteroendocrine as primary chemical sensors, secrete GLP-1, CCK, PYY and other gut hormones after sensing amino acids. Gastrointestinal vagal afferents are activated by these hormones, and converge in the nucleus tractus solitarius (NTS) of the brainstem. These signals are then feed signals forward the NTS to the hypothalamic arcuate nucleus (ARC). Neuronal projections from the ARC in turn carry signals to the hypothalamic paraventricular nucleus (PVN) to regulate food intake ([@bib25]) (as shown in [Fig. 1](#fig1){ref-type="fig"}).Fig. 1Consequences of amino acids sensing on the gut-brain signaling involved in the regulation of food intake ([@bib40], [@bib34]). CaSR = Ca sensing receptor; GPCR6A = G-protein-coupled receptor family C group 6 member A; CCK = Cholecystokinin; GLP-1 = Glucagon-like peptide-1; PYY = Peptide tyrosine--tyrosine; CCK-1R = CCK1 receptor; Y2R = Y2 receptor; PVN = paraventricular nucleus; ARC = arcuate nucleus; NPY = Neuropeptide Y; AgRP = Agouti-related peptide; POMC = pro-opiomelanocortin; (+) increase; (−) decrease.

Glucagon-like peptide-1 is a satiety signal that decreases meal size and delays gastric emptying. Studies have shown that both acute peripheral and central administration of GLP-1 reduce food intake in rats, exenatide and liraglutide (GLP-1 analogues) decrease food intake and body weight in a dose-dependent manner in rats ([@bib36]). Peripheral administration of GLP-1 to rats activates neurons within the brainstem. However, this increase in neuronal activity and the anorectic effect of GLP-1 are abolished following vagotomy ([@bib33]). In addition, peripheral administration of GLP-1 causes signal intensity change within neuronal populations in the ventral medial hypothalamus (VMH) and the PVN when functional magnetic resonance imaging (fMRI) is used ([@bib19]). Collectively, these findings draw a conclusion that appetite is regulated by GLP-1 via these hypothalamic and brainstem areas.

Like GLP-1, CCK also exerts its satiety action primarily through the activation of vagal afferent neurons. There are two types of CCK receptor: CCK1R and CCK2R. The CCK1R has been proved to be expressed on the intestinal vagal nerve, and pharmacological and gene tests showed CCK1R is involved in the regulation of food intake. Rats lack of the CCK1 receptors suffer from hyperphagia and obesity ([@bib5]). Bilateral midbrain transections block the behavioral effects of CCK on feeding, and the increasing effects of neural activity also disappear in rats ([@bib8]). In addition, [@bib6] microinjected CCK into one of several different brain sites of rats and found its impact on subsequent food intake was decreased. When the majority of the medial and commissural subnuclei of the NTS as well as the area postrema (AP) were lesioned, there is a significant attenuation of the satietogenic effect of CCK. These studies suggested that CCK may transmit the signal to the brain either through direct or indirect way to regulate food intake.

Peptide tyrosine--tyrosine is another satiety hormone and it acts through multiple receptor subtypes, Y1 through Y5, and the Y2 receptor (Y2R) is selectively activated by PYY~3-36~. Peripheral injection of PYY~3-36~ in animals and humans inhibits food intake and reduces weight gain in both lean and obese individuals, suggesting that Y2R may be involved in this process ([@bib35]). Y2 receptor (Y2R) is an auto-inhibitory pre-synaptic receptor found on neuropeptide Y (NPY) neurons within the ARC. Studies have shown that deficiency of the Y2R abolishes the anorectic effects of PYY ([@bib26]). In addition, Y2R can significantly decreased the release of NPY, with a concomitant increase in alpha melanocyte stimulating hormone (a-MSH) released from hypothalamic explants ([@bib3]). Researchers proposed that circulating PYY3-36 may inhibit NPY/agouti-related peptide (AGRP) neurons through Y2R, thus activating the pro-opiomelanocortin (POMC) which is deterred by the NPY/AGRP. Moreover, Y2R is also expressed on the terminal intestinal vagus nerve. Peripheral administration of PYY3--36 significantly reduces food intake and body weight in rodents, meanwhile the neurons in ARC are activated. However, these effects are abolished following either bilateral sub-diaphragmatic total truncal vagotomy or brainstem--hypothalamic pathway transectioning ([@bib1]).

5. Summary {#sec5}
==========

Dietary amino acids are sensed by the epithelium in the gastrointestinal tract which stimulates the release of gut hormones from endocrine cells, then these signals are sent to the brain via gut-brain axis. This, in return, regulates the intestinal physiology and other physical activities. In addition, amino acids sensing receptors and their ligands are further identified. The amino acid sensing pathway that is involved in animal digestive process and the host gut health needs further study, which has a profound value of developing new therapies to fight nutrition metabolic diseases.
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[^1]: A = anti-port; AM = apical membrane; AA^0^ = neutral amino acids; S = symport; AA^+^ = cationic amino acids; BM = basolateral membrane; U = uni-port.
